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XMM-Newton observations of the a Ori cluster. 
I. The complex RGS spectrum of the hot star a Ori AB 
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Abstract. We present XMM-Newton observations of the young (~ 2-5 Myr) cluster around the hot (09.5V) star cr Orionis AB, 
aimed at obtaining a high resolution RGS spectrum of the hot star as well as EPIC imaging data for the whole field. We show that 
the RGS spectrum of cr Ori AB may be contaminated by weaker nearby sources which required the development of a suitable 
procedure to extract a clean RGS spectrum and to determine the thermal structure and wind properties of the hot star. We also 
report on the detection of a flare from the B2Vp star <x Ori E and we discuss whether the flare originated from the hot star itself 
or rather from an unseen late-type companion. Other results of this observation include: the detection of 174 X-ray sources in 
the field of cr Ori of which 75 identified as cluster members, including very low-mass stars down to the substellar limit; the 
discovery of rotational modulation in a late-type star near cr Ori AB; no detectable line broadenings and shifts (Si 800 km s _1 ) 
in the spectrum of cr Ori AB together with a remarkable low value of the O vn forbidden to intercombination line ratio and 
unusually high coronal abundances of CNO elements. 
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1. Introduction 



The cr Ori clust er, discovered by ROSAT JWolld 1 19961 
IWalter et alJ Il997h around the 09.5V star cr Ori AB, be- 
longs to the OB lb associatio n and is loc ated at a distance of 
352+^ 6 pc (from Hipparcos, lESAlll997l) . In addition to sev- 
eral hot stars, it is known to contain ~ 100 likely pre-main 
sequence late-type stars within 30' of cr Or i, as well as some 
brown dwarfs and planetary-mass objects (|Beiar et ail [l 999 ; 
Zan aterio Osorio et alJl200ol iBeiar et alJl200ll) . The estimated 
age of the cluster is 2 - 5 Myr. 

We have obtained an XMM-Newton observation of the 
cr Ori cluster, centered on the hot star cr Ori AB, with the pur- 
pose of obtaining: i) a high-resolution RGS spectrum of the 
central source; ii) imaging data as well as low-resolution spec- 
tra over the whole field, including both a few early-type stars 
and a large number of late-type stars down to the substellar 
limit. Given the high sensitivity of XMM-Newton, and the good 
combination of low- and high-resolution spectroscopic instru- 
ments on board, these observations were expected to shed light 
on the coronal and/or wind properties of stars in a very young 
cluster. 

X-ray emission from O and B stars is usually explained 
with the presence of winds. X-ray observations of the hot 
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stars f Pup (04If) and ( Ori (091b) have shown the pres- 
ence of such winds, with velocity width s of the order of 600 - 
1500 km s~~' and blueshifted centroids dWaldron & Cassinellil 
l200lUCassinelli et alJ2o"oillKahn et all200ll) . However, some 
conflicting results have also been fou nd, like high-dens ities 
close to the stellar surface in f Ori ( Waldr on & Cassinellil 
1200 lh . where the velocity is too small to produce the shocks 
required for the X-ray emission, or a temperature structure in 
the Orion Trapezium hot stars that is similar to that of cool 
active stars, where the emission originates from magnetically 
confined coronal structures ( Schulz et al. 2003 ). This has raised 
the question of whether coronal loops might be present in some 
hot stars partially contributing to their X-ray emission. High- 
resolution spectroscopic observations of the hot star cr Ori with 
XMM-Newton can clarify some of these issues. 

As it will be described below, there are several X-ray 
sources, both hot and cool stars, in our XMM-Newton field 
close enough to the central source to potentially contaminate 
its high-resolution RGS spectrum. Although their X-ray inten- 
sity lies well below the level of cr Ori AB, they produce lines 
that can contribute significantly at certain wavelengths. These 
lines are shifted in wavelength with respect to those emitted by 
cr Ori AB, because of the different locations of these sources 
within the RGS field of view (FOV). These spurious lines must 
be identified in order to correctly analyze the spectrum of the 
central source. To this aim, the capability of XMM-Newton 
of obtaining simultaneous high-resolution spectra of the cen- 
tral source with RGS and low-resolution spectra of the other 
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2. Observations 

XMM-Newton observations of the cr Ori cluster, centered 
on the hot star cr Ori AB, were carried out as part of the 
Guaranteed Time of one of us (R.P.) from 21:47 UT on 
March 23, 2002 to 9:58 UT on March 24, 2002 (obs. ID 
* 0101440301), for a total duration of 43 ks We used both the 

t ' EPIC (European P hoton Imaging Camera, iTurner et alJl200ll 

, ^ * IStriider et all 1200 ll) instrument with PN and MOS detectors 

(sensitive to the spectral range 0.15-15 keV and 0.2-10 keV, 
respectively) and the R GS (Reflection Grating Spectrometer, 
Iden Herder etall200il) instrument (sensitive to the range AA ~ 
6-38 A). This allowed us to obtain simultaneously low- 
resolution CCD spectra (AE ~ 70 eV at E ~ 1 keV) of the 
brightest sources in the field, and high-resolution grating spec- 
tra (A/AA ~ 100 - 500) of cr Ori AB. The EPIC cameras were 
operated in Full Frame mode using the thick filter. Data analy- 
sis was carried out using the standard tasks in SAS v.5.4.1 



Fig.l. Composite EPIC (MOS1+MOS2+PN) image of the 
cr Ori cluster 



sources in the field with EPIC is of great advantage. By using 
the information derived from the EPIC spectra, it is possible in 
fact to model the expected contributions of nearby sources to 
the RGS spectra. This, together with the wavelengths shifts in 
the RGS spectra caused by the different offsets of the sources 
in the RGS FOV, allows an accurate correction of the cr Ori AB 
spectrum for the contribution of nearby sources. 

This paper is organized as follows. In Sect. |2 we present 
the analysis of the XMM-Newton observation, discussing first 
the imaging data obtained with the EPIC PN and MOS detec- 
tors, and then the high-resolution spectroscopic data obtained 
with the RGS. Since the observed RGS spectra of the central 
source might in principle be contaminated by up to three nearby 
sources in addition to cr Ori AB itself, we present in this sec- 
tion light curves and low-resolution EPIC spectra of these four 
sources, showing that one of them (the hot star cr Ori E) is 
undergoing a flaring episode, another one (a K star) is show- 
ing evidence of rotational modulation, while cr Ori AB and the 
fourth source (another K star) are either quiescent or of low 
variability. With regard to the EPIC spectra also presented in 
this section, cr Ori AB appears much softer than the other three 
sources, consistently with typical X-ray spectra of hot stars. In 
Sect. |3 we present the results of our analysis, first for cr Ori AB 
and then for the flare on cr Ori E. In particular, we derive, for the 
former star, the "cleaned" differential emission measure distri- 
bution, and we put constraints on wind velocities and shifts, 
chemical abundances and densities. For cr Ori E we discuss the 
flare properties and we present evidence for circumstellar ab- 
sorption. In Sect. @] we discuss the implication of our results, 
both for current models of shocked winds in early-type stars 
(as in cr Ori AB), and for the possible occurence of flares in 
hot stars (as opposite to flares originating from unseen late-type 
companions). Finally in Sect.|5]we summarize our conclusions. 



2.1. EPIC observations of the cr Ori field 

EPIC calibrated and cleaned event files were derived from the 
raw data using the standard pipeline tasks emchain and epchain 
and then applying the appropriate filters to eliminate noise 
and bad events. The event files have also been time filtered 
in order to exclude a few short periods of high background 
due to proton flares; the final effective exposure time is 41 
ks for each MOS and 36 ks for the PN. The combined EPIC 
(MOS1+MOS2+PN) image in the 0.3 - 7.8 keV energy band 
is shown in Fig.^ 

Source detection was performed both on the individual 
datasets and on the merged MOS 1 +MOS2+PN dataset using 
the Wavelet Detection alg orithm d eveloped at the Osservatorio 
Astronomico di Palermo (Damia ni et alJI 19971 Damiani et al., 
in preparation). For the detection on the summed dataset, a 
combined exposure map has been computed by summing the 
individual exposure maps with an appropriate scaling factor for 
PN, derived from the median ratio of PN to MOS count rates, in 
order to take into account the different sensitivities of MOS and 
PN. For our observation the median PN/MOS ratio is ~ 3.2, re- 
sulting in a MOS equivalent exposure time of ~ 200 ks for the 
merged dataset. We detected a total of 174 sources above a sig- 
nificance threshold of 5cr. We have identified 75 sources with 
at least one possible cluster member or candidate within 10" of 
the X-ray position. Of the detected members, 5 are early-type 
stars, including cr Ori AB and E, while 7 sources have been 
identified with very low-mass stars of spectral type later than 
~M5. Among the latter o nes is SOri 68, a planetary-mass ob- 
ject of spectral type L5.0 (B eiar et alJl200ll) and the candidate 
brown dwarf SOri 25, which has a spectral type M6 .5 and an 
estimated mass of 0.05 - 0.13 M (Bei ar et alll999h . 

A more detailed analysis of the full EPIC field will be pre- 
sented in a companion paper (Franciosini et al., in preparation). 
In the following we will concentrate only on the brightest cen- 
tral sources that might contribute significantly to the RGS spec- 
tra. 
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Table 1. Sources falling in the RGS field of view with an EPIC flux more than 20% that of cr Ori AB. Count rates are MOS 
equivalent count rates. Identified stars are all members or candidate members of the cr Ori cluster 



N, 


RA. V DEC. V 


count rate 


Opt. ID 


offset 


V 


B - V Sp. type 




(2000) 


(cts/ks) 




(") 






1 


5 38 44.86 -2 36 00.2 


435.9 ±2.4 


cr Ori AB 


1.17 


3.78 


-0.24 09.5V 


2 


5 38 47.26 -2 35 39.9 


197.6 ± 1.7 


crOriE 


1.08 


6.70 


-0.18 B2Vp 


3 


5 38 38.54 -2 34 55.5 


137.6 ± 1.4 


GSC 4771-1147 


0.91 


12.24 


1.18 K5 


4 


5 38 41.34 -2 37 22.3 


106.2 ± 1.2 


r05 3 84 1-0237 


0.82 




K3 




10 15 20 25 30 35 



Wavelength [Angstrom] 

Fig. 2. RGS 1 & 2 spectra of the central source in the cr Ori 
field. The most intense lines identified are marked. The ob- 
served spectrum is produced by the hot star cr Ori AB plus 
some contribution from nearby sources (mainly the flaring 
source cr Ori E) falling in the RGS FOV. 

2.2. RGS observations of cr Ori AB 

RGS spectra were extracted for the source located at the center 
of the EPIC field, which coincides with the position of the hot 
star cr Ori AB. The extracted RGS1 and RGS2 spectra have 
an effective exposure time of 42 ks; they are shown in Fig. [2] 
where we also indicate the identification of the most prominent 
lines. 

The RGS instrument has a rectangular field of view (FOV), 
with the longer axis along the dispersion direction and a width 
of 5' in the cross dispersion direction. The dispersion direc- 



* * 




Fig. 3. Central part (11' x 8') of the composite EPIC image of 
the cr Ori field. Circles mark the sources falling in the RGS 
FOV with an EPIC flux > 20% of that of cr Ori AB (all other 
sources in the FOV contribute less than 10% of the cr Ori AB 
flux); these sources are listed in Tabled with the correspond- 
ing identification numbers. The RGS dispersion direction runs 
parallel to the PN chip separation (which in this case is almost 
coincident with the right ascension axis), with wavelength in- 
creasing to the left. Thick lines mark the limits of the RGS FOV 
(5' wide), and thin lines the limits of the extraction region for 
the RGS spectra. 



tion is parallel to the separation of the upper and lower chips in 
the PN detector, with wavelength increasing towards the left; 
in our case it is almost aligned along the right ascension coor- 
dinate, as indicated in Fig. [3] The figure shows that there are 
other bright X-ray sources falling in the RGS FOV that might 
in principle contribute to the observed spectrum of the central 
source. From their EPIC fluxes, we see that there are 3 sources, 
listed in Tabled with fluxes ranging from 24% to 45% of the 
cr Ori AB flux, while all other sources in the FOV have fluxes 
less than 10% of that of cr Ori AB. However, from the size of 
the extraction region used to derive the RGS spectrum (indi- 
cated by thin lines in Fig. [3}, we see that only cr Ori E should 
contaminate the spectrum of cr Ori AB, while sources #3 and 
especially #4 should not give any significant contribution. 

The presence of emission from a source with a certain off- 
set in right ascension with respect to the center of the field 
produces a shift in the wavelength scale of RGS according to 
AA = 0.124 x 6/m, where A is measured in A, 6 in arcmin, and 
m is the RGS spectral order. Hence, it is important to isolate the 
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and RGS spectra of cr Ori AB. From the Chandra image, we 
estimate however that its contribution is ~ 3% of the flux of 
cr Ori AB and is thus negligible. 



o 




#4 




Fig. 4. Close-up view of the central region of the cr Ori field 
during the time interval before the cr Ori E flare, showing the 
position of the components of the cr Ori system. Contours are 
at 2.5, 5, 10, 20, 40 cts/arcsec 2 . Note the weak source to the 
north of cr Ori E 



contribution of each source to the spectrum, especially consid- 
ering the fact that intense lines of a secondary source may fall 
at wavelengths where weak lines of the main source are. The 
wavelength shifts, due to the different positions of the sources 
in the RGS FOV, and the knowledge of their low-resolution 
spectra from EPIC, make it possible to identify the contaminat- 
ing lines and to estimate their contribution to the RGS spectrum 
of cr Ori AB, as we will show in Sect. 13. II 

The central source cr Ori is a remarkable quintuple system. 
Components A and B are separed by only 0.25 arcsec, and 
are therefore unresolved. The other 3 components (cr Ori C, 
D and E) are at distances of 11.2, 12.9 and 42 arcsec, respec- 
tively: except for cr Ori E, they cannot be easily resolved from 
cr Ori AB with XMM-Newton. In Fig. [4] we show a close-up 
view of the center of the field in the time interval preceding the 
cr Ori E flare (see Sect. 13.21 . with the positions of the 5 com- 
ponents marked. The figure clearly shows that the contribution 
of cr Ori C and D to the X-ray emission of the central source 
is negligible (note, for comparison, that the quiescent flux of 
cr Ori E is only ~ 9% of the flux of cr Ori AB). This conclusion 
is supported by a higher resolution Chandra observation of the 
same field by Wol k et al.ld2004l) . At the resolution of Chandra, 
components C and D are easily resolved from components A 
and B: however, the Chandra image shows only a very weak 
X-ray source (< 1% of the cr Ori AB flux) at the position of 
cr Ori D (a B2 V star), and no emission at the position of cr Ori C 
(a A2V star). The Chandra observation reveals another X-ray 
source ~ 2" to the NW of cr Ori AB, which ap pears to be as- 
sociat ed with the IR object cr Ori IRS1 Jvan Loon & Oliveir al 
120031) . attributed to emission from a protoplanetary disk. This 
source cannot be resolved at the lower resolution of XMM- 
Newton and thus could potentially contaminate both the EPIC 



2.3. EPIC light curves and spectra of the central 
sources 

EPIC PN light curves for the four main sources in the central re- 
gion of the field were extracted using a circular region of radius 
24", except for cr Ori E where we have used a radius of 18" to 
avoid contamination from cr Ori AB; in the latter case we also 
excluded a small region around a faint nearby source detected 
to the north of cr Ori E (or = 5 38 47.56, 6 = -2 35 24.7, see 
FigEJ- The four light curves, binned over 300 s, are shown in 
Fig.0 

As shown by Fig. [5] cr Ori AB is clearly the dominant 
source and its emission is steady (the lcr standard devia- 
tion around the mean count rate is S> 1%). The other hot star 
(cr Ori E) shows instead the occurrence of a flare, with a factor 
of 10 increase in the count rate. The occurrence of a flare in a 
hot star is at variance with current models of X-ray emission 
in early-type stars: this, as well as the properties of the flare, 
will be discussed in Sect. 13.21 The other two sources (#3 and 
#4) are identified with K-type candidate members of the clus- 
ter and their X-ray emission, which shows a quite high level 
of variability, is likely due to magnetically-confined coronal 
structures. Particularly interesting is source #4 which shows ev- 
idence of rotational modulati on, with a period of ~ 8.5 hours 
and an amplitude of ~ 25% ( Pallavi cini et alJ Eo04. see their 
Fig. 3), that can be attributed to the inhomogeneous distribu- 
tion of active regions over the surface of the star. 

PN and MOS spectra of these four sources have been ex- 
tracted from the same regions as the light curves; the back- 
ground spectrum was extracted from a nearby circular region 
of radius 24" free from other X-ray sources and on the same 
CCD chip. Response matrices were generated for each source 
using the standard SAS tasks. Spectra have been rebinned in 
order to have at least 30 counts per bin, and were fitted in 
XSPEC v. 1 1 .2.0 in the energy range 0.5-8 ke V, using a two- 
temperature APEC v. 1.3.0 model with variable element abun- 
dances. Since the hydrogen column density is not constrained 
by the fit, it was kept fixed to the value A^h = 2.7 x 10 20 cm -2 , 
derive d from the measured reddenin g E(B - V) = 0.05 for 
cr Ori jLedll968t iBrown et alJll994 . The spectra of the four 
sources together with the best-fit models are shown in Fig. [6] 
and the best-fit parameters are given in Tabled Abunda nces ar e 
relative to the solar abundances by Anders & Grevessel in*989). 
Note that the spectral fit for cr Ori E refers to the whole (qui- 
escent + flare) observation, since we will use it to correct the 
RGS spectrum obtained from the entire observation. 

Fig- El clearly shows that cr Ori AB has a softer spectrum 
than the other three sources, indicating that it is much cooler 
than the others, as expected for an early-type star. The fit indi- 
cates temperatures of ~ 0.1 and ~ 0.3 keV (i.e. log T[K] ~ 6.1 
and ~ 6.5). The two K stars in the field show instead hard spec- 
tra, with temperature components of 0.5 - 0.7 keV (log T[K] ~ 
6.8-6.9) and - 2-3 keV (logT(K) ~ 7.4-7.5) that are typical 
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Fig. 5. EPIC PN light curves of the 4 sources listed in Tabled binned over 300 sec. In the case of cr Ori E, the upper axis indicates 
the photometric phase according to iReiners et alJ d2000l) . with phase indicating the maximum absorption in the U-band (the 
secondary minimum ends at 4> = 0.5). We also show the time intervals used for the time-resolved spectral analysis of cr Ori E 



of young active late-type stars. More complex is the case of the 
B2Vp star cr Ori E, which is an early-type star but which has 
also been caught during a flare. Its integrated spectrum is quite 
hard, and clearly shows the iron complex at 6.7 keV. There is 
also evidence for an excess emission at ~ 6.4 keV, likely due 
to the fluorescence line of Fei, which is a signature of cool 
material close to the X-ray source. 

3. Results 

3.1. The RGS spectrum ofcr Ori AB 

As mentioned in the previous section, the RGS FOV contains 
other three sources that might contribute to the RGS spectrum 
of cr Ori AB. While the contamination from sources #3 and 
#4 is expected to be negligible, the one from the flaring source 
cr Ori E might be quite significant. It is therefore necessary to 
identify the emission of these sources in the spectrum of the 
hot star to allow the study of its thermal structure and wind 
properties. Since we have the EPIC spectra of all the bright 
sources in the field, we can model their X-ray emission and 
predict their expected contribution to the RGS spectra, once 
their emission is shifted according to their angular position in 



the RGS FOV, as explained above. While the cross-calibration 
between the EPIC and RGS detectors has still some uncertain- 
ties (up to ~ 20%. lKirscljl2003h . such approach can be safely 
employed to identify the lines of the main source (cr Ori AB) 
that are significantly contaminated by the emission of the other 
sources, and to estimate the overall effect of the contamination. 
As shown by Fig. [6] and Table [2J all the secondary sources are 
hotter than cr Ori AB, and have a lower count rate. As a conse- 
quence, their contribution to the RGS spectrum is limited to the 
continuum at short wavelengths and to two spectral lines, Ne x 
/U2.1321 and Ovm /118.97, as shown in Fig. [7] Moreover, as 
shown in Fig. [3] the region employed for the extraction of the 
RGS spectra does not include sources #3 and #4, and there- 
fore their contribution can be neglected, although, as a double 
check, we also tested the expected position of their lines in the 
assumption that these two sources were also contaminating the 
spectrum of the main source. In particular, Fig.0shows that the 
O vm line of the main source is contaminated only to a small 
extent by cr Ori E; the Ne x line, however, has a more compli- 
cated behaviour, with cr Ori E providing ~ 50% of the observed 
line flux in the spectrum and preventing any possible measure 
of the Fe xxi line at ~ 12.284 A. In the case of sources #3 and 
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Fig. 6. EPIC MOS1 (blue), MOS2 (red) and PN (green) spectra of the 4 sources listed in Table [T] The best-fit models and the 
residuals are also shown. The spectrum of cr Ori AB is dominated by background above 2.5 keV, while the spectrum of cr Ori E 
refers to the total (quiescent + flare) observation. 



#4, even if they were included in the extraction region the con- 
tamination would be limited only to the continuum, while no 
significant contribution is expected in any of the lines (Fig. [7}. 

Once the features corresponding to cr Ori E that contami- 
nate the RGS spectrum of the central star have been identified, 
we can measure the RGS 1 and RGS2 line fluxes using a con- 
tinuum derived from a global fit to the RGS spectra that ac- 
counts for the contributions from the two sources (cr Ori AB 
and cr Ori E) to first approximation. Measured line fluxes were 
then corrected for the distance to the star (352 pc) and inter- 
stellar absorption, in order to obtain the fluxes emitted from 
the source (Table[3j. 

With the measured line fluxes we can determine the thermal 
structure of the source by calculating the Emission Measure 
Distribution (EMD) as a function of temperature, defined as 
EM(T) - j AT N H N e dV [cm -3 ]. A line-based method has been 
employed in order to reconstruct the EMD of the source and de- 
ri ve elemental abundances, f ollowing the procedure described 
in ISanz-Forcada et alJ {2003). The observed line fluxes, mea- 
sured in RGS, are compared to the predicted values for a given 
EMD; discrepancies found in the comparison are reduced by 
correcting the adopted EMD and the values of the abundances 
until a satisfactory result is found (i.e. when observed and pre- 



dicted line fluxes best agree). Since the lines emitted by dif- 
ferent elements have contributions that overlap in temperature 
only partially, some uncertainty exists in the determination of 
the EMD and abundances in a case like that of cr Ori AB, where 
the number of measured spectral lines is small. The derived 
EMD is given in Fig. |H] it peaks at log T(K) ~ 6.7, close to the 
results of the global fits to the EPIC spectra. 

The abundances derived from the EMD reconstrunction are 
(in the usual notation) [C/Fe] = 0.53 + 0.09, [N/Fe] = 0.40 + 
0.10, [O/Fe] = 0.45 + 0.14, [Ne/Fe] = -0.50 ± 0.41. A value of 
[Fe/H] = -0.4 (obtained from the EPIC/PN fit of cr Ori AB), 
has been adopted in the EMD reconstruction. In the case of 
C and N it is not possible to obtain reliable results from the 
EPIC analysis because the lines of these elements are formed 
below 0.5 keV, a region affected by severe calibration prob- 
lems. While the Ne abundance is lower than the values obtained 
with EPIC (Tabled, O seems to be more abundant in the RGS 
spectrum than in the EPIC spectra. Cross-calibration problems 
could be responsible for this disagreement, as well as the as- 
sumption, in the EPIC fit, that cr Ori AB is emitting only at two 
temperatures. The abundances derived from the multi-T model 
(likely closer to the real plasma temperature structure) used in 
the RGS analysis should be more reliable than those obtained 
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Table 2. Best-fit parameters for the EPIC spectra of the four sources in Tabled Note that the fit to cr Ori E refers to the global 
(quiescent+flare) spectrum. Errors are 90% confidence ranges for one interesting parameter 



MOS1 MOS2 PN MOS1 MOS2 PN 

a Ori AB a Ori E 
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1 ' -0.07 


75+0.11 

" -0.20 


55+ 023 

"""-0.13 


041+0.05 

"•^-0.04 


T 2 (keV) 
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'"-0.59 


EM 2 (10 53 cm- 3 ) 


1 o 7+10.7 


41 8+ 138 


39.9+^ 7 


14 5+ 2 - 4 




15 9+' 3 


O 


76+ 1 ' 8 


0.33+ ,; 23 


0-34!°;l 


1 56+' 24 


13+ 048 


75+° 34 

"■ ' -0.26 


Nc 


0.99+^ 


0.48tS 


51+o.is 

u.ji_ 01] 


2 11+' 61 


76+' 42 

O- '"-0.40 


9 71+O.8O 
z " 1 L -0.64 


Mg 


0.88+ ; 24 


53+ 035 

"""-0.21 


0.46+- 7 


0.21** 


16+° 54 

"■ iu -0.16 


i 74+0.90 

11 '^-0.74 


Si 


1-72^ 


i or - 73 


0.84^ 


0-68^ 


24+ 53 

"•^-0.24 


60+° 55 

"•""-0.48 



Fc 


70+ 87 

"• '"-0.24 


39+ 21 

"""-0.13 


40+0.10 

"•^"-0.08 


36+° 23 

"■-'"-0.18 


07+° 24 

"■"'-0.05 


044+013 

"■^*-0.12 


*?/d.o.f 


1.78/55 


1.50/56 


1.15/174 


0.54/97 


0.87/104 


0.67/288 


F, fl (10" 12 erg cm- 2 s" 1 ) 


4.35 


5.26 


5.12 


1.44 


1.71 


1.59 


L a x (10 31 ergs" 1 ) 


6.45 


7.80 


7.59 


2.14 


2.54 


2.36 



Source 3 Source 4 



r,(keV) 


73+ 010 

"• ' -'-0.42 


0.76tl? 


74+o.os 

"■ /H -0.17 


0.46+° 33 


42+° 25 

"•^-0.09 


0-48!°; 8 


r 2 (keV) 


2.07+° : '« 


2-58+^f 


9 9Q+0.28 
z " z - 5 '-0.44 


2.86+g; 84 


9 9Q+0.40 
^■^ -0.37 


9 cc+0.24 

J -0.23 


£M,(10 53 cm- 3 ) 


3.68*£ 


7 00+ 5 - 44 

' -""-3.74 


4 54+3.81 
+ ,J -1 .09 


i 71+8.20 
i -' I -1.05 


3.63+. 3 ? 8 


1 c 1+0.80 
i - J -0.43 


EM 2 (10 53 cm" 3 ) 


Q 9 1 +3.47 
7 - z ' i -1.36 


6 61+ 2 - 30 

-1.41 


7 4Q+1 57 
'■^ 7 -1.56 


5 65+' 81 


8 - 72 -!:« 




O 


0.58+JJ; 7 * 


49+o- 84 

"■ H7 -0.39 


54+°- 17 

"■ JH -0.36 


70+' 09 

"■ '"-0.57 


14+ 039 

"• iH -0.14 


0.831JJ 73 


Nc 


0.84+°;*' 


96 +0 " 

"• 7 "-0.53 


1 26+ 067 

1,z '"-0.55 


2 41+ 2 - 35 

Z "^ I -1.50 


1 10+' 02 

i - i "-0.58 


9 cr + 1.08 
-0.85 


Mg 


= 0.20 


16+ 050 

"• lu -0.16 


23+° 29 

" -0.23 


1 97+1.86 
i " 6 '-1.01 


40+° 72 

"■^"-0.40 




Si 


09+ 031 

"•"'-0.09 


0.35+S- 


0-06!^ 




53+ 57 

"■ J -0.50 


14+ 047 

"■ iH -0.14 


S 


30+ 036 

—0.30 


0.87!-? 






0.00+ 03 ' 


0.00+ 042 


Fc 


17+ 010 

"- 1 ' -0.1 1 


09+°- 14 

"■"'-0.05 


15+° 10 

" -0.08 


0.28+JJ; 33 


10+° 14 

"• lu -0.07 


34+° 16 

"■-' H -0.14 


*?/d.o.f 


0.69/69 


0.55/57 


0.64/202 


0.61/55 


0.73/61 


0.62/191 



F; (10- 13 ergcm- 2 s-') 9.64 9.60 8.83 6.20 7.86 7.06 

L a x (10 31 ergs" 1 ) 1.43 1.42 1.31 0.92 1.17 1.05 



D : unabsorbed flux and luminosity in the ROSAT (0.1 - 2.4 keV) band. L x has been computed assuming 
d = 352 pc for all sources. Note that the luminosity of a Ori E might be higher by a factor of 3.3 if its 
distance is 640 pc, see Sect. 14.21 



with EPIC, where the low spectral resolution allows us to apply 
only a 2-T fit. The results obtained with RGS point towards a 
clear overabundance of C, N and O with respect to Fe. 

We have not detected any substantial blueshifts or Doppler 
broadenings in the RGS lines, with an upper limit of 
~ 800 km s 1 . Another interesting feature of the RGS spectra is 
the observation of the He-like triplets. These triplets, formed by 
the recombination (r), intercombination (/), and forbidden (/) 
lines, are usually employed in cool stars to derive the electron 
density in a collisionally excited plasma, since the // i ratio is 
a decreasing func tion of density wi thin a given range of den- 
sity values iGabriel & Jordanll 19691) . However, it is also pos- 
sible to have a low f/i ratio if a strong UV field is present 
close to the source emitting the He-like triplets: in hot stars, 
which are strong UV sources, a low f/i ratio is thus indicative 



of p roximity to the stellar surface rather than of high density 
fe.g. lCassinelli et alJ200lb . In the case of cr Ori AB we observe 
the triplets of Neix (A f = 13.699 A, A t = 13.5531 A), formed 
at log 7/(K) ~ 6.6 and O vn (A f = 22.0977 A, A; = 21.8036 A), 
formed at log T(K) ~ 6.3. In both cases the forbidden line is 
very weak if not completely absent (see Figs. |2]and 0. This 
indicates that the emission originates close to the star, which 
contradicts the usual assumption of X-ray emission from wind 
shocks at large distances from the star. We cannot exclude, 
however, a high density of the emitting region as alternative, 
since the f/i ratio allows us to put only an uninteresting lower 
limit to density (n e > 10 8 cm- 3 ) when a strong UV radiation 
field is present. Note that the observed // i ratio could also be 
the result of high densities, either close to the star (where the 
UV radiation field is high), or at larger distances from the star. 
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Ne X, 12.13 K, RGS 2 VIII, 18.97 A, RGS 1 
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Fig. 7. Selected wavelength intervals of the RGS spectrum of cr Ori AB indicating the contamination by other sources in the field. 
Prominent lines of the main source are identified. The dark solid line represents the RGS spectrum of cr Ori E modeled from 
its EPIC spectrum and shifted according to its position with respect to the main source. Similarly, the dashed line represents the 
expected RGS spectrum of source #3 (see Tabled appropriately shifted in wavelength as if it were contaminating the spectrum of 
the main source (source #4 has almost the same shift and a similar spectrum). Note the unusual strength of the intercombination 
line of Ne ix at 13.699 A (see text). 



Hence, we cannot distinguish which of the two mechanisms 
(UV radiation field, or high densities) is responsible for the ob- 
served // i ratio. 

3.2. The flare on cr Ori E 

As mentioned in Sect. 12.31 the most striking feature of our ob- 
servation is the flare observed on the hot star cr Ori E. The flare 
lasted for > 12 hrs, as estimated by extrapolating the observed 
decay, with a rise time of ~ 1 hr; the decay phase was observed 
only for the first 6.7 hr. We have performed time-resolved spec- 
tral analysis of both the quiescent emission and the flare at the 
peak and during the first part of the decay; the chosen intervals 
are shown in Fig. [5] Given the low number of counts in each in- 
terval, we have only fitted the PN spectra using a 2-temperature 
APEC model with variable global abundance. The best-fit pa- 
rameters are shown in Table |4] Fig. [9] shows the spectra ob- 
tained during quiescence and at the peak of the flare, together 
with the corresponding best-fit models. The estimated total en- 
ergy released by the flare is E ^ 10 36 erg. 

An interesting feature derived from this analysis is the pre- 
flare spectrum of cr Ori E, which is quite unusual for a hot 



star and similar to typical spectra of active cool stars (although 
not as hard as those of sources #3 and #4, cf. Table |3J. In 
fact the source is much hotter than cr Ori AB, with a compa- 
rable amount of material at temperatures of 0.3 and 1.1 keV 
(log T[K] ~ 6.5 and 7.1). During the flare, the temperature of 
both components increases significantly (see Fig. II Oi l, with a 
large increase of the emission measure of the hotter component 
(EM2I EM\ ~ 10). At the peak of the flare the emitting plasma 
reaches a temperature of 3.5 keV (log T[K] ~ 7.6) and there is 
a significant increase of the abundance, from Z ~ 0.1 Z Q dur- 
ing quiescence to Z ~ 0.7 Z at the peak of the flare, followed 
by a decrease during the decay. The temperatures and emis- 
sion measures do not decrease significantly during the first part 
of the decay, suggesting the presence of a prolonged heating 
mechanism. This is consistent with the observed behaviour of 
the flare light curve, which shows a bump ~ 2 hrs after the peak 
that might be due to a secondary flaring event. 

The EPIC spectrum of cr Ori E (Figs. |6] and [5} shows an- 
other interesting feature, i.e. the presence of excess emission 
around ~ 6.4 keV, which can be attributed to the Fel fluo- 
rescence line, indicating the presence of cooler circumstellar 
material ionized by the flare. Another possible hint of the pres- 
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Table 3. Measured RGS line fluxes" of cr Ori AB. log r max indicates the maximum temperature (K) of formation of the line 
(unweighted by the EMD). "Ratio" is log(F b s /F pre d) for each line. Blends amounting to more than 5% of the total flux for each 
line are indicated 



Ion 


^ model 


log r max 


Fobs 


S/N 


ratio 


Blends 


Nex 


12.1321 


6.8 


1.19e-14 


3.9 


-0.33 


Nex 12.1321, 12.1375, Fexvn 12.1240 


No id. 


12.2800 




1.91e-14 


5.0 






Neix 


13.4473 


6.6 


2.71e-14 


6.0 


0.35 


Fexvm 13.3948, Fexrx 13.4620 


No id. 


13.4970 




8.81e-15 


3.4 






No id. 


13.5180 




2.12e-14 


5.4 






Fe xvn 


15.0140 


6.7 


8.81e-14 


16.6 


-0.17 




vm 


15.1760 


6.5 


2.41e-14 


8.4 


0.00 


O vm 15.1765 


Fe xvn 


15.2610 


6.7 


4.39e-14 


11.2 


0.06 




vm 


16.0055 


6.5 


2.66e-14 


9.2 


-0.48 


Fexvm 16.0040, Oviii 16.0067 


Fe xvm 


16.0710 


6.8 


1.81e-14 


7.7 


0.18 


Fexvm 16.0450, 16.1590, Fexix 16.1100 


Fe xvn 


16.7800 


6.7 


4.21e-14 


11.4 


-0.16 




Fe xvn 


17.0510 


6.7 


1.68e-13 


19.1 


0.19 


Fexvn 17.0960 


Ovu 


18.6270 


6.3 


2.35e-14 


8.7 


0.02 




O vm 


18.9670 


6.4 


2.13e-13 


25.7 


0.13 


Ovm 18.9725 


No id. 


19.2160 




1.25e-14 


4.5 






Ovu 


21.6015 


6.3 


1.55e-13 


15.4 


-0.06 




Ovu 


21.8036 


6.3 


1.61e-13 


15.6 


0.20 




No id. 


22.0977 




2.55e-17 


0.2 






Nvn 


24.7792 


6.3 


3.11e-14 


9.8 


-0.01 


Nvn 24.7846 


Cvi 


33.7342 


6.1 


7.13e-14 


11.2 


0.00 


Cvi 33.7396 



" Line fluxes in erg cm 2 s 1 



Table 4. Time-resolved spectroscopy of cr Ori E. Errors are 90% confidence ranges for one interesting parameter 



Interval 


(keV) 


T 2 
(keV) 


£M,/10 53 
(cm- 3 ) 


£M 2 /10 53 
(cm" 3 ) 


z/z 


^/d.o.f. 


F°/10- 12 
(erg cm -2 s -1 ) 


L x 710 31 
(erg s-') 


(h) 


At 
(h) 


quiescent 


031+ o.io 


1 06+ 021 


7 09+ 4 12 

-2.33 


6 21+ 359 


09+ 010 


1.00/26 


0.59 


0.88 


12.3 


3.6 



peak 0.80+°^ 3.52+°*° 3.62+j ^ 34.88+];™ 0.73+.°; 3 i, 0.68/101 3.06 4.54 15.5 1.7 

decay 0.75!°;^ 3.25 + _° f 6.35+|°§ 32.25+I 4 , 9 , 0.30+.°^ 0.91/129 2.64 3.91 17.5 2.5 

*: unabsorbed flux and luminosity in the ROSAT (0.1 - 2.4 keV) band. L\ has been computed assuming d = 352 pc 
: central time of the intervals in hours from JD 2452357 



ence of circumstellar material is given by the dips identified 
in the light curve at t ~ 16.5 and 17.5 hrs (see Fig. [5}, corre- 
sponding to a phot ometric phase d> _ .8 (computed according 
to the ephemeris of iReiners etaDboOOl To =JD 244277 8.819, 
P ph = 1.19084 d). At this phase. IReiners et alJ feOOd) have 
found maximum He absorption, which has been attributed to 
the presence of absorbing circumstellar material along the line 
of sight. It is therefore possible that these dips are due to ab- 
sorption of the X-ray emission by this material. However, we 
cannot exclude that such dips might be simply due to intrin- 
sic variability of the flaring emission. The current uncertainties 
on the EPIC calibration at low energies does not allow us to 
obtain accurate fits below 0.5 keV: we are therefore unable to 
determine from the spectral fits a reliable value for the column 
density, and therefore to detect possible changes in the amount 
of absorbing material towards cr Ori E during the flare. 



4. Discussion 

The interpretation of the X-ray emission of hot stars has been 
changing in the past few years as a consequence of new high- 
spectral resolution data obtained with Chandra and XMM- 
Newton. It has been traditionally believed that X-ray emission 
in these stars arises from shock heating in their radiationally- 
driven massive winds which are unstable and form high den- 
sity blobs on which the high-velocity winds shock. The pres- 
ence of winds is clearly seen in t he high-resolution spectra of 
the few cases studied so far (e.g. | W aldron & Cassine llill200lt 
ICassinelli et alJ200lHKahn et alJ200lUSchulz et alJ2003l) . but 
the behavior of the He-like triplets in some of these sources in- 
dicates that at least part of the emission must originate from a 
dista nce too close to the star to b e compatible to wind shocks 
(e.g. IWaldron & CassinellilEool . An alternative explanation 
of the observed behavior of the He-like triplets, however, is the 
presence of high electron densities that could result from mag- 
netically confined structures, giving similar f/i ratios in the 
He-like triplets as for the case in which the UV radiation field 
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Fig. 8. Emission Measure Distribution (EMD) of cr Ori AB 
from the RGS spectrum. Upper panel: EMD (thick line) and 
contributions of each spectral line weighted by the EMD distri- 
bution (thin lines). Lower panel: ratio of observed to predicted 
lines intensities for different elements. 
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Fig. 10. Time evolution of the best-fits parameters and of the 
X-ray luminosity during the flare on cr Ori E 



Fig. 9. PN spectra of cr Ori E during quiescence and at the peak 
of the flare. The best-fit model is also shown 



is high, i.e., close to the stellar surface. Equally intriguiging 
for our understanding of X-ra y emission from ho t stars is the 
detection reported here and bv lGroote & S chmitt (2004, from 
ROSAT observations) of a flare from cr Ori E, which is a pe- 
culiar hot star, with the reported presence of strong mag netic 
fields of ~ 10 kG at photospheric level (ILandstreet & B orra 



Il978l) . In discussing the data that we have collected with 
XMM-Newton, we will treat separately the case of cr Ori AB, 
for which high resolution spectra are available, from that of 
cr Ori E, which, besides the strong flare, also shows an unusu- 
ally hard (for a hot star) quiescent EPIC spectrum. 
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4.1.O-0riAB 

The RGS spectrum of cr Ori AB shows several intriguing fea- 
tures. The He-like triplets of O and Ne indicate either the 
presence of high densities (implying magnetic confinement at 
small or large distances from the star) or a strong UV radiation 
field (implying proximity of the emitting material to the stellar 
surface where the winds, however, have not been accelerated 
enough to form strong shocks). Moreover, the X-ray spectrum 
reveals no signs of strong winds (v 5= 800 km s _1 ), but the 
obse rved logLx/Lhni ~ — 6.4 has a typical value for hot stars 
(cf.lPallavicini et alJl98lh . It is not likely that a cool low-mass 
companion may be responsible for this emission, since a young 
active cool star with such a high Lx would also have a much 
hotter X-ray spectrum than observed (cf. the case of cr Ori E 
below). 

The radiation pressure in a 09.5 dwarf star, such as 
cr Ori AB, is expected to be lower than in the case of hot gi- 
ants and supergiants, or of hotter stars, but it should be strong 
enough to prevent the formation of coronal loops close to the 
star. Therefore, it is necessary to have either a very strong mag- 
netic field that confines a small amount of coronal material 
close to the star (where the UV radiation field is high enough 
to cause the observed low value of the f/i He-like ratio), or 
some magnetic confinement causing high densities must occur 
at larger distances from the star, where the UV radiation field 
is too weak to justify the observed He-like ratios. Interactions 
with circumstellar material, or within the circumstellar mate- 
rial itself, might play a role in this context, as suggested by the 
analogy with what is observed in some cases for PMS low-mass 
stars and their circumstellar disks. 

X-ray observations of cool young stars have shown in fact 
an interesting difference between the Classical T Tauri Stars, 
CTTS, (that still possess a disk of circumstellar material), and 
Weak-lined T Tauri Stars, WTTS, (with no disk around the 
star). While WTTS have an X-ray emission that is typical of 
active cool stars, with high densities (~ 10 12 " 5 cm -3 ) at temper- 
atures of ~ 10 MK, but lower densities (~ 10 9 5 - 10 10 5 c m' 3 ) 
at ~ 2 MK (e.g., AB Dor, ISanz-Forcada et alJ 12003b . the 
only case of a CTTS s tudied so far at high resolution, TW 
Hya llKastneret alJl2002h . shows high densities at ~ 2 MK 
(^ 10 12 ' 5 cm -3 ), while keeping the similarity with WTTS for 
the rest of its coronal emission. This different behaviour led to 
the conclusion that interaction with the disk, possibly though 
accretion, may play an important role in the X-ray emission of 
CTTS. An interesting question is whether a similar mechanism 
might also be relevant for hot stars. At this stage, this sugges- 
tion remains only speculative, but could resolve some of the 
conflicting results emerging from the observations of cr Ori AB 
and of other hot stars. 

We have found in cr Ori AB higher abundances of C, N and 
O with respect to Fe than in the Sun, which could be indicative 
of processed material from the interior of the star. This is diffi- 
cult to understand in a young unevolved main-sequence star. A 
crucial question is whether these anomalously high CNO abun- 
dances agree or not with the photospheric abundances. No ac- 
curate measurements of the photospheric abundances of this 
star have been reported to our knowledge. 



Finally, as mentioned above, what we have called cr Ori AB 
in this paper is actually a quite complex system, only par- 
tially resolved by our XMM-Newton observations (and better 
resolved, but not completely, by Chandra). The primary source 
is itself a close binary, with components of similar spectral 
type. Other two components of the same system (cr Ori C and 
D) are unresolved at our resolution: from our data (Fig.|4ji, and 
from the Chandra observation, they seem to contribute little to 
the total observed X-ray emission, but they might contribute to 
the circumstellar material and, possibly, to the magnetic field 
configuration of the whole region. Moreover, there is another 
X-ray and IR source, the protoplanetary disk cr Ori IRS 1 men- 
tioned above, unresolved at our resolution, that further compli- 
cates the picture. Observations of other hot stars at high resolu- 
tion, including both giants and main-sequence stars, are clearly 
required to clarify the mechanisms of X-ray emission in early- 
type stars. 

4.2. cr Ori E 

The presence of a flare in cr Ori E challenges, if it originated 
in the hot star itself, the theories that interpret the X-ray emis- 
sion of early-type stars as due to wind shocks, assuming that 
no stellar corona can be present. Stellar flares are produced 
by magnetic reconnection where magnetic energy is converted 
into plasma heating, radiative losses and mass motions. Flares 
are common among active stars, and especially among Young 
Stellar Objects (YSO) and T Tauri stars (TTS) that possess a 
high rotation rate. These stars have typical X-ray luminosities 
that can be a factor ~ 10 3 - 10 4 higher than that of the Sun and 
produce flares that are orders of magnitude stronger than so- 
lar flares. The possibility that the observed flare on cr Ori E, 
and part of its quiescent emission, were due to an optically 
unconspicous low-mass companion (of spectral type K or M) 
cannot be excluded. On the other hand, cr Ori E is known to 
be a magnetic star, with a global magnetic field of ~ 10 kG 
jLandstreet & Borralll978h . so the interpretation of this obser- 
vation is far from being straightforward. 

Early-type stars fol low the relationship logL x /Lh n i ~ -7 
( Pall avicini et aljfl9 8 1 ). However, in the case of our observa- 
tion, the quiescent emission of cr Ori E (Lx ~ 9 x 10 30 erg s -1 ) 
re sults in a logL x/Lhni ~ -5.8 (using bolometric corrections 
bv lFloweJ l996). more than an order of magnitude higher than 
expected. If we consider that an active young star like AB Dor 
(K2V) has an average quiescent e mission of Lx ~ 1.5 x 10 30 
erg s _I (cf. lSanz-Forcada et all2003l) . part of the observed qui- 
escent X-ray emission of cr Ori E might indeed arise from a 
young late-type companion. On the other hand, the peak flare 
luminosity (Lx ~ 4.5 x 10 31 erg s -1 ) is consistent with that of 
large flares in young active stars. 

A late-type companion (later than ~ K0) would be consis- 
tent with the observed colors of cr Ori E (V = 6.54, V — K — 
-0.40, J—K = 0.02, after correcting for interstellar absorption). 
A K0 star of age ~ 3 Myr has in fact V - K = 2.03, J-K = 0.55 
JSiess et alJ2000l) whi le a typical B2V star has V - K = -0.66 
and J - K = -0.12 JCoxl |2QOo}). If cr Ori E has a K0 com- 
panion, having V ~ 10.7 at the cluster distance JSiess et alJ 
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2000), the inferred K magnitudes for the B2V and the K0 star 
would be, respectively, 7.2 and 8.7, with a summed magni- 
tude K ~ 6.96; similarly, in the J band the summed magni- 
tude would be J ~ 6.94. Therefore, the observed IR colors are 
consistent with a companion of spectral type later than ~ K0. 
Moreover, the expected bolometric luminosity of the compan- 
ion would be such that log Lx/^boi 3.4, consistent with that 

of an active star close to satu ration. 

iGroote & Schmittl rt2004h recently reported the detection of 
a flare from cr Ori E with ROSAT, and attributed it to cr Ori E 
itself, rather than to a low-mass companion. The authors argue 
that the star does not belong to the cr Ori cluster, but it is a 
background object at a distance of 640 pc (Hung er et al . 1989), 
rather than the ~ 350 pc of the cluster. This would increase the 
quiescent X-ray luminosity of the star, and the total energy of 
the flare, by a factor of ~ 3.3, but it would not change the es- 
sential point that any late-type companion of cr Ori E must be 
itself a very young object, whether the star belongs or not to the 
cluster. They also argue that no changes in the radial velocity 
of the primary sta r have been detected wit h a velocity of less 
than ~ 1 km s -1 JGroote & Hungerll 19771). as expected from 
a low-mass companion. Finally. IGroote & S chmitt (2004) state 
that the UV to IR fluxes of the star agree well with those ex- 
pected from cr Ori E alone. These argume nts can be answered 
as follows: (i) the method employed by Hunger et al 1 dl989l) 
to derive the stellar distance is based on a complex analysis 
of the optical spectrum of the star, which can be affected by 
several uncertainties related to the models used to interpret the 
spectra. Moreover, as mentioned above, cr Ori E, because of 
its spectral type, is certainly a young star, whether or not it be- 
longs to the cluster, and the same must be true for any late-type 
companion physically related to it (we exclude the unlikely cir- 
cumstance that the hot star and its hypothetical late-type com- 
panion are the result of a chance align emenf). (ii) The h igh pre- 
cision (~ 1 km s~') quoted bv lGroote & HungeiHl977|) for the 
measurement of radial velocity variations in cr Ori E is quite 
remarkable considering its high projected rotational velocity 
(vsin/ ~ 140 km s~') and the instrumentation typically em- 
ployed in these measurements. A more realistic value of at least 
10 km s _1 accuracy would be enough to miss the detection of 
a companion of ~ O.7M orbiting around a star with M ~ 9M e 
(expected for a B2V star), (iii) The IR colors of cr Ori E are 
compatible with the presence of a low-mass companion, as ex- 
plained above. Besides, the presence of a low-mass star in the 
optical spectrum of an early-type star would be virtually un- 
detectable, especially if the late-type star has a high rotational 
velocity and some circumstellar material. 

The X-ray spectra of cr Ori E obtained by us with XMM- 
Newton provide additional arguments in favour of the presence 
of an unseen late-type companion. The observed EPIC spectra 
(see Fig.|9j indicate, even during the pre-flare quiescent phase, 
a quite hard emission, similar to that of cool active stars, such 
as AB Dor or the sources #3 and #4 in the same XMM/EPIC 
field, but quite different from the soft spectrum of cr Ori AB 
(see Fig. |6}- The metal abundance during quiescence is very 
low, Z ~ 0. 1 Z , similar to what is commonly found in active 
stellar coronae. During the flare a significant increase of the 
metal abundance, by a factor of ~ 7, is observed at the peak, 



similarly to w hat is observed in several flares on active late- 
type stars (e.g. lFavat a & Sch mittl 1999tlGudel et all200ll) . 

The observation of the fluorescence Fei line emission in 
the flaring spectrum suggests the presence of circumstellar ma- 
terial around the flaring source. This circumstellar material 
would block part of the emission of a late-type companion in 
the optical range, making its detection even more difficult. 

Despite all these arguments, that lead us to postulate the 
presence of an unseen active late-type companion, an origin of 
the flare from the hot star itself cannot be excluded. Flares in 



hot st ars have been reported for the B2e star A Eri ( Smith et al 
| 1993[) and the Herbig Be star MWC 297 jHamaguchi et al 
2000), in addition to the flare reported bv IGroote & Schmit 
( 2004) in cr Ori E. It is not easy to explain the flaring emission 
with the usual magnetic reconnection in coronal loops (which 
are not expected to be present in early-type stars), but alterna- 
tive scenarios of magnetic reconnection can be considered that 
include interactions between the star and circumstellar material 
and/or with stellar disks, as i t has been proposed for classical T 
Tauri stars and other YSOs ( Kast ner et alJl2002f> . For the flare 
reported here, there is a remarkable coincidence between the 
phot ometric phase when maximum He absorption is observed 
(Rei ners et all 2000) and the presence of two dips in the X-ray 
light curve of the flare that might be interpreted as absorption 
features. If we assume that the flare originated in cr Ori E itself, 
the flaring source should be situated between the stellar surface 
and the circumstellar material in order to produce the absorp- 
tion features observed in the flare decay. This is in contradiction 
with the hypothesis of a flare ari sing from the outer mag neto- 
sphere as has been suggested bv lGroote & Schmittl lEc 



5. Conclusions 

We have analysed an XMM-Newton observation of the cr Ori 
cluster centered on the hot star cr Ori AB. Our results can be 
summarised as follows: 

1. we have detected 174 X-ray sources in the cr Ori field 
(above a significance threshold of 5<x) of which 75 are iden- 
tified as possible cluster members; 

2. we have detected 5 early- type members of the cluster as 
well as many late-type stars down to the substellar limit; 

3. we have discovered rotational modulation due to surface 
activity in a K-type star of the cluster (source #4); 

4. we have detected both quiescent and flaring emission from 
the B2 Vp star cr Ori E and we have found that the quiescent 
emission has an EPIC spectrum unusually hard for a hot 
star; 

5. we have argued that the X-ray flare on cr Ori E, as well 
as most of the quiescent emission from the star, originated 
from an unseen young late-type companion, rather than 
from the hot star itself; 

6. we have obtained a high-resolution RGS spectrum of the 
central object cr Ori AB and we have been able to separate 
the emission of the central star from the contributions of 
nearby sources; 
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7. we have found that the emission of cr Ori AB is steady (at 
a level ^1%) and much softer than the one associated with 
the other sources, consistently with a wind origin; 

8. we have found, however, no evidence (with an upper limit 
of ~ 800 km s~') for line broadenings and shifts as could 
be produced by strong winds; 

9. we have found a very low value of the Ovu forbidden to 
intercombination line ratio in the hot star which is at vari- 
ance with current models of shock heating in stellar winds 
far from the star; 

10. finally, we have found higher abundances of CNO elements 
with respect to Fe in the wind of cr Ori AB that are difficult 
to understand in a young unevolved star. 

A complete census of all X-ray sources detected in this obser- 
vation and belonging to the cluster will appear in a companion 
paper currently in preparation. 
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